proteins such as phospholipase C (PLO-7I, Vav, and She (10) (11) (12) .
Although the tyrosine phosphorylation of FceRI by Lyn is a critical event leading to mast cell activation, the mechanism by which receptor aggregation initiates this event is not well understood. Substantial evidence suggests that Lyn is associated with the p chain of FceRI prior to receptor aggregation (6, 13) . This preassociated Lyn is hypothesized to mediate the tyrosine phosphorylation of p-and 7-chains of the receptors through a process of transphosphorylation when the receptors are brought into proximity upon aggregation (14) . On the other hand, specialized membrane domains have been proposed to be involved in the FceRI signaling (15-18). These detergent-resistant membrane rafts (DRMs), which can be separated as a low density membrane fraction on density gradient centrifugation, are enriched in sphingolipids, cholesterol, and saturated glycerophospholipids (19, 20) . Furthermore, a number of proteins that are involved in signal transduction, including dually acylated Src family kinases, low molecular weight and heterotrimeric G proteins, are partitioned into these microdomains. Previous biochemical studies have revealed that FceRI is excluded from or only weakly associated with DRMs in resting cells, while the aggregation of receptors triggers its recruitment to DRMs (16, 17) . The association of aggregated FceRI with DRMs has also been demonstrated in living cells (2D-The high concentration of active Lyn in DRMs may then allow the tyrosine phosphorylation of the DRM-associated FceRI. Thus, in this scenario, DRMs function to facilitate the initial coupling of aggregated FceRI and Lyn.
Accumulating evidence suggests the possibility that DRM microdomains play a pivotal role in signal transduction through many types of membrane receptors including the T cell receptor (TCR). Recent data indicate that DRMs are necessary for TCR-mediated Ca 2+ mobilization and tyrosine phosphorylatdon of signaling molecules such as PLC--yl as well as the I subunits of the TCR complex itself (22) (23) (24) . DRMs have also been proposed to be important in inducing TCR-mediated cytoskeletal reorganization (23). In addition, phosphatddylinositol 4,5-bisphosphate (PIPj), the primary PLC substrate in the plasma membrane, appears to be concentrated in . Thus, DRMs may function as platforms for signal transduction.
In the present study, we investigated the functional role of DRMs in RBL-2H3 mast cells by means of disruption of DRMs. Here we used the cholesterol-binding agent methyl-P-cyclodextrin (MBCD), which selectively extracts cholesterol from the plasma membrane and thereby disrupts DRMs (28-31). We show that intact DRMs are necessary for FceRI-mediated Ca 2+ mobilization as a reservoir of PIP 2 . However, DRM integrity is not required for tyrosine phosphorylation of FceRI. The relevance of these data as to current ideas on aggregation-induced tyrosine phosphorylatdon of FceRI by Lyn is discussed.
MATERIALS AND METHODS

Materials-Monoclonal anti-dinitrophenyl (DNP) IgE
was prepared from the ascites of mice bearing an HI DNPe-26.82 hybridoma (32). [^IJIgE was prepared by the chloramine-T method (33). Some IgE and P^IJIgE was biotinylated with D-biotdnoyl-e-amidocaproic acid-JV-hydroxysuccinimide ester (Boehringer Mannheim) (15). MBCD was purchased from Sigma. Immunoprecipitatdng anti-PIXtyl antibodies (immunizing antigen amino acids 1249-1262 of bovine PLC"yl) were obtained from Santa Cruz Biotechnology. The other reagents we used have already been described (34,35) .
Treatment Cells with MBCD-RBL-2H3 cells were grown as adherent monolayers, and harvested following exposure to trypsin and EDTA as previously described (35). The cells (10 7 /ml) were incubated with 10 jtgAnl mouse antd-DNP IgE for 1 h at room temperature. The IgE-sensitized cells were washed twice, and then resuspended in assay buffer containing 25 mM PIPES (pH 7.2), 119 mM NaCl, 5 mM KC1, 1 mM CaCLj, 0.4 mM MgSO 4 , and 5.4 mM glucose. The cells (lOVml) were treated with the indicated concentrations of MBCD in 1 ml of the assay buffer at 37*C for 20 min and then washed twice with the assay buffer containing 0.1% BSA. In some experiments, MBCDtreated cells were further incubated with cholesterol-MBCD complex (0.2 mM cholesterol, Sigma) at 37*C for 10 min. Except where otherwise indicated, the IgE-sensitized cells (10 7 /ml) were stimulated with 1 fig/ml DNP-BSA for 2 min at 37"C. In some experiments, cells were sensitized with biotinylated IgE and then stimulated with 0.5 |xg/ml streptavidin for 2 min at 37*C.
Isolation of DRMs-Cells (5 X 10 s ) were lysed in 1 ml of lysis buffer containing 0.05% Triton X-100, 50 mM Tris-HC1 (pH 7.6), 50 mM NaCl, 5 mM EDTA, 1 mM NajVO,, 5 mM Na 4 P 2 O 7 , 50 mM NaF, 1 mM phenylmethylsulfonyl fluoride, and 10 jig/ml each of aprotinin, leupeptin, and pepstatdn. Lysates were incubated for 1 h on ice with frequent agitation. Each lysate was mixed with an equal volume of 85% sucrose in STE (50 mM NaCl, 50 mM Tris-HCl, pH 7.6, 5 mM EDTA, 0.05% Triton X-100, and 1 mM NagVQ,) and then placed at the bottom of a centrifuge tube. Two milliliters of 35% sucrose in STE was layered on top, followed by 1 ml of 5% sucrose in STE. The discontinuous gradients were then centrifuged for 16 h at 4°C at 200,000 Xg in an SW50.1 Ti rotor. Fractions of 0.5 ml were collected from the top of the gradients.
Immunoprecipitation and Immunoblotting-The conditions for immunoprecipitation and immunoblotting were described previously (35). In brief, cells were solubilized with lysis buffer containing 0.5% Triton X-100, and precleared lysates were incubated with appropriate antibodies followed by incubation with protein A-or protein G-agarose. To assay the association of FceRI with Lyn, IgE-sensitized cells (5 X lO^ml) were solubilized in lysis buffer containing 0.05% Triton X-100 as in the case of DRM isolation, and IgE-bound FceRI was directly immunoprecipitated with bead-bound anti-mouse IgE. Lysates or immunoprecipitates were resolved by SDS/PAGE, transferred to nitrocellulose membranes, and then visualized with proper antibodies and an enhanced chemiluminescence system (Amersham). Analysis of IP 3 Production-The assays were performed using a D-wyo-inositol 1,4,5-trisphosphate PH] assay system (Amersham). To prepare samples for the assays, 5 x 10 6 cells sensitized with IgE were incubated without a stimulus or stimulated with DNP-BSA (1 jig/ml) in 800 jil of assay buffer at 37'C for the times indicated. IP3 was extracted with perchloric acid according to the manufacturer's recommendations. Each sample was assayed in duplicate.
Immune Complex Phospholipase Assay-Lysates of 2 X 10 7 cells were immunoprecipitated with anti-PLC--yl antibodies and 30 pd of rProtein A Sepharose Fast Flow (Amersham Pharmacia Biotech AB). The immunoprecipitates were washed with reaction buffer containing 35 mM NaHjPO,, pH 6.8, 70 mM KC1, 0.8 mM EGTA, and 0.8 mM CaCl^, and then suspended in the same buffer (50 \tX) supplemented with 0.2 mM PIP 2 (Boehringer Mannheim), 0.15% octyl glucoside, and 0.05% Triton-X-100 (37, 38)-After incubation for 30 min at 37*C, IP3 produced was quantitated by means of the radioreceptor assay described above.
Analysis of PHJInositol-Labeled Lipid-CeWs (2.5 x 10 7 ) were cultured with 30 ml of inositol-free DMEM (GIBCO BRL) containing 10% dialyzed fetal bovine serum (GIBCO BRL) and 1 jiCi/ml myo-PHIinositol (Amersham Pharmacia Biotech AB) for 48 h. After centrifugation to isolate DRMs as described above, each fraction was extracted in chloroform:methanol:HCl as described (25) . For the analysis of inositol phospholipids, potassium oxalate-impregnated silica gel plates (Silica gel 60, MERCK) were used and developed in a solvent comprising CHCL/CH3OH/4 M NIL, (45: 35:10) . The TLC plates were sprayed with EN 3 HANCE (NEN) and then subjected to autoradiography.
RESULTS
Effect ofMBCD Treatment on Partitioning of FceRI and
Lyn into DRMs-To determine the effects of cholesterol removal on the integrity of DRMs, IgE-sensitized RBL-2H3 cells were treated in the absence or presence of 25 mM MBCD for 20 min. Cells treated in this manner remained viable, as assessed by trypan blue staining (data not shown). It should be noted that approximately 60% of FceRI was lost from cells on MBCD-treatment, as reported by Sheets et al. (18) . When lysates of untreated cells were analyzed on sucrose density gradients, a considerable fraction of aggregated FCERI migrated to the low density sucrose region, whereas unaggregated FCERI was found almost entirely in the high density fraction containing solubilized proteins (Fig. 1A) . However, aggregated FCERI was nearly absent in the low density fractions of MBCD-treated cells, similar to the gradient distributions of control unaggregated cells (Fig. IB) . As shown in Fig. 1C , treatment of RBL-2H3 cells with MBCD also led to the loss of compartmentalization of Lyn, which was found almost exclusively in the high density regions in MBCD-treated cells. These data suggest that the removal of cholesterol disrupts the integrity of the low density DRMs, which results in the delocalization of aggregated FCERI and Lyn.
Disruption of DRMs Inhibits the Mast Cell Activation
Following Aggregation of FceRI-When RBL-2H3 cells were treated with increasing concentrations of MBCD, we observed dose-dependent inhibition of antigen-induced degranulation, as assessed as the release of p-hexosaminidase ( Fig. 2A) . In contrast, MBCD did not affect the degranulation induced by PMA or calcium ionophore A23187, indicating that cholesterol depletion under these conditions does not significantly compromise cell integrity. We also found that Ca 2+ mobilization induced by FCERI aggregation is impaired in MBCD-treated RBL-2H3 cells (Fig. 2B) . MBCD treatment failed to affect Ca 2+ mobilization induced by ionomycin (data not shown). Whereas MBCD extracts cholesterol from plasma membranes, water soluble complexes of cholesterol and MBCD are capable of incorporating cholesterol into membranes (28). To determine whether or not the impaired Ca 2+ mobilization was due to the depletion of cholesterol, MBCD-treated RBL-2H3 cells were subsequently incubated with either the buffer alone or cholesterol-MBCD complexes for 10 min. As shown in Fig. 2C , treatment of MBCD-treated cells with cholesterol-MBCD complexes (cholesterol) reversed the diminished Ca 2+ mobilization, whereas incubation in buffer alone (MBCD) did not lead to restoration of the response, indicating that the effect of MBCD results from its ability to remove cholesterol from membranes rather than its possible other activity. Taken together, these results provide strong evidence that DRMs are important for mast cell activation initiated by aggregation of FCERI. Cholesterol Lowering Hardly Affects Tyrosine Phosphorylation of FceRI and Receptor Association with Lyn-To dissect the requirement of DRM integrity for mast cell activation, we investigated whether or not treatment of cells with MBCD affects the tyrosine phosphorylation of FCERI. For this purpose, RBL-2H3 cells were sensitized with [^HlgE, untreated or treated with MBCD, and left unstimulated or stimulated with the optimum concentration of antigen for 2 min. The cells were then solubilized, and FCERI was immunoprecipitated from these cells. Based on the precipitated radioactivity, equal amounts of IgE-bound FCERI were analyzed by immunoblottdng with anti-phosphotyrosine monoclonal antibody 4G10. Interestingly, cholesterol depletion by MBCD only partially inhibited the aggregation-induced tyrosine phosphorylation of both the fj-and 7-subunits of FCERI even at the concentration of 25 mM, with which antigen-induced degranulation and Ca 2+ mobilization is almost completely inhibited (Fig. 3A) . When the blots were scanned, and the absorbance of the (3 and 7 bands was measured, we found 12.1 ± 5.4% (n = 6) and
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Fraction Number (0.5 ml) (C) 17.7 ± 9.6% (n = 6) less tyrosine phosphorylation of p and 7, respectively. This partial inhibition of tyrosine phosphorylation of FCERI is Ukely due to a reduction in the amount of FceRI in the MBCD-treated cells, since a proportional relationship between receptor number and p phosphorylation has been reported (18).
Control
We also determined whether or not MBCD affects the extent of association of FCERI with Lyn. In agreement with previously published data (S), FceRI was constitutively associated with Lyn, and this association was significantly enhanced after receptor aggregation (Fig. 3B) . Cholesterol lowering by MBCD again failed to inhibit either the constitutive or inducible association of FceRI with Lyn. Thus, the influence of cholesterol depletion on signal transduction via FceRI seems not to be due to destruction of the initial coupling of FceRI with Lyn.
PLC-yl Is Activated upon FceRI Aggregation, while IP, Is Not Generated in MBCD-Treated Cells-Aggregation of
FceRI leads to the tyrosine phosphorylation and activation of Syk, and the absolute requirement for Syk in Ca 2+ signaling and many downstream functions has been demonstrated (39, 40) . We found that Syk in MBCD-treated cells was normally tyrosine phosphorylated upon FceRI aggregation (data not shown). Moreover, PLC-7I, which is one of the multiple protein substrates of Syk and responsible for the aggregation-stimulated IP3 production (41), was also tyrosine phosphorylated even in the MBCD-treated cells (Fig. 4A) . When we directly measured the enzymatic activity of PLC-7I through immune complex phospholipase assays, we found that FceRI aggregation caused a substantial increase in PLOyl activity, and that there was no significant difference in the level between untreated and MBCD-treated cells (Fig. 4B) .
We also studied in vivo IP3 production by extracting IPg from Ag-stimulated cells and quantitating it by means of a radio receptor binding assay. Aggregation of FceRI on control RBL-2H3 cells induced rP 3 production, which became a maxinnim at around 15 s and persisted for at least 2 min (Fig. AC) . However, in contrast to the results of in vitro phospholipase assays, MBCD-treated cells did not produce IPg in response to FceRI aggregation. Thus, disruption of DRMs inhibits in vivo EP 3 production induced by aggregation of FceRI without affecting the enzymatic activity of PLC-7I. 42) . Therefore, we hypothesized that in RBL-2H3 cells also PIPj may be concentrated in cholesterol-rich DRMs, and that cholesterol depletion may delocalize PIP 2 and thereby inhibit rP 3 production, even though PLC-7I is activated following FceRI aggregation. To determine the compartmentalization of PIP 2 , RBL-2H3 cells were labeled with PH]-inositol, and cell lysates were fractionated on sucrose density gradients as described in Fig. 1 . From each fraction, inositol phospholipids were then extracted and separated by TLC. As shown in Fig. 5A , we found the localization of PIPj in low density DRMs (Fractions 1-3 ) on RBL-2H3 cells. We also found that cholesterol depletion resulted in the loss of compartmentalization of PIP 2 (Fig. 5B) . Furthermore, the MBCD-induced delocalization of PIP 2 was reversed after treatment with cholesterol-MBCD complexes (Fig. 5C ). After centrifugation to isolate DRMs as described in Fig. 1 , each fraction was extracted with chloroform:methanol:HCl to isolate inositol phospholipids. Phosphoinositides were separated by TLC and visualized by autoradiography. The bands corresponding to PI, PIP, and PIP, were identified by comigration with standards.
Effect of Cholesterol Depletion on Localization of PIP
DISCUSSION
In T cells, dispersion of DRMs with various cholesterolbinding reagents including MBCD inhibits Ca 2+ mobilization following TCR cross-linking (24). The association of TCR with the cytoskeleton is also decreased in cells treated in this manner (23). The TCR-mediated tyrosine phosphorylation of cellular proteins including the TCR Z, chain itself is also inhibited in these cells (22-24) . Thus, DRMs have been proposed to function as platforms for signal transduction and cytoskeletal reorganization. In this study, we established an essential role for DRMs in FceRI signaling by demonstrating that treatment of RBL-2H3 cells with MBCD results in potent inhibition of degranulation and Ca 2+ mobilization in response to aggregation of FCERI. However, the most striking finding in our studies is that aggregation-induced tyrosine phosphorylation of FCERI is hardly affected by pretreatment of cells with MBCD, indicating that DRMs are dispensable for tyrosine phosphorylation of FCERI upon aggregation.
The results of our study have important implications as to understanding of the molecular mechanism by which FCERI is tyrosine phosphorylated upon aggregation. Many studies have demonstrated that FCERI is preassociated with Lyn, and this constitutively associated kinase mediates the trans-phosphorylation of adjacent receptors upon aggregation (5, 6, 8, 14, 43) . Experimental data obtained in several laboratories have shown that this interaction occurs via the unique region of Lyn with nonphosphorylated ITAM of the receptor p chain (6, 13) . However, the structural basis of the FcfiRI-Lyn interaction is not yet fully understood. For example, Lyn is able to phosphorylate aggregated FCERI when the receptor is expressed without the P chain, and aggregation of chimeric receptors containing only the intracellular domain of the y chain serves to initiate the signaling cascade leading to mast cell activation, but a much lower level than in the case of the a$y 2 complex (4, 44, 45) . Based on the observation that aggregation of FCERI results in its rapid association with DRMs, Field et al. (16) proposed an additional mechanism for the tyrosine phosphorylation of FCERI upon aggregation. Their model shows that unaggregated FCERI may weakly associate with certain components of DRMs, probably Lyn or a ganglioside such as GD lb . The aggregation of receptors rapidly stabilizes the receptor-DRM associations, thereby facilitating the phosphorylation of the receptors by a heightened concentration of Lyn in DRMs. Consistent with their results, we also demonstrate the recruitment of aggregated FCERI to DRMs (Fig. 1A) . However, our findings that FCERI is normally tyrosine phosphorylated in the absence of intact DRM structures and that unaggregated receptors maintain their association with Lyn kinase even in such conditions argue against a model in which DRMs would be the structural basis for the initial coupling of FCERI and Lyn. We speculate that FCERI is associated with Lyn through proteinrprotein interactions rather in a DRM-dependent manner, and this receptor-associated kinase phosphorylates aggregated receptors outside DRMs through a transphosphorylation mechanism. The phosphorylated receptors may then rapidly be translocated to DRMs, where additional Lyn, Syk, and other signaling molecules with SH2 domains are recruited and activated. Thus, we propose that intact DRMs are not important for the initial tyrosine phosphorylation of FCERI following aggregation. However, our results do not exclude the possibility that MBCD-resistant DRMs, if present, are involved in the phosphorylation of FCERI. In addition, a recent study has indicated that the cholesterol extracted by MBCD is not required for the organization of GPI-anchored proteins and sphingolipids in DRMs (31).
It should be noted that, while this work was being completed, Sheets et al. (18) reported the effects of depletion of cellular cholesterol on aggregation-induced tyrosine phosphorylation of FCERI on RBL-2H3 cells. In contrast to our results, they found that cholesterol depletion with MBCD almost completely inhibits the stimulated tyrosine phosphorylation of FCERI. Nonetheless they failed to observe any inhibition of degranulation upon FCERI aggregation and rather they showed an enhancing effect of MBCD on degranulation in response to stimulation by the Ca 2+ ionophore, A23187. Therefore, their results indicate that DRMs are indispensable for initial tyrosine phosphorylation of FCERI but dispensable for mast cell activation. The reason for the observed difference is not clear. The differences between our results and those of Sheets et al. are likely to be technical in nature. For example, our conditions for treatment cells with MBCD are different from theirs. However, we still found that tyrosine phosphorylation of FCERI was not affected and that Ag-induced degranulation was inhibited by MBCD even when we mimicked their conditions (data not shown). In support of our conclusions, experiments in which chimeric constructs were used to explore the interaction between Lyn and the receptor subunits also suggested that these associations can occur outside the DRMs (46) . Recently, in Ramos B cells, cholesterol sequestration was found not to inhibit tyrosine kinase activation induced by B cell receptor stimulation (47) .
In addition to the fact that aggregation-induced tyrosine phosphorylation of FCERI is not affected by pretreatment of cells with MBCD, we demonstrated that PLC-yl was tyrosine phosphorylated following FCERI aggregation even in MBCD-treated cells. More importantly, an in vitro phospholipase assay revealed that PLC-7I can be inducibly activated without DRMs. Despite activation of PLC-yl, cholesterol depletion by MBCD inhibits FcERI-stimulated EP 3 production. This is associated with the loss of compartmentalization of PIP 2 , the primary PLC substrate in the plasma membrane, in DRM microdomains. This suggests that localization of PEP 2 to DRMs is necessary for efficient IP 3 generation leading to intracellular Ca 2+ mobilization and degranulation, though the mechanism of this localization is unknown. Thus, the localization of both protein and lipid components to DRMs may be required for the proper function of signal transduction through FCERI. Our finding is consistent with those with A431 and other cells indicating that a fraction of PIP 2 is present in low density, detergentinsoluble domains enriched in caveolin (25, 26) . In addition, cholesterol depletion by MBCD inhibits EGF-stimulated PI turnover in A431 cells (42) . However, it is not clear whether or not this inhibition is due to the loss of localization of PIPj, because EGF is also localized to DRMs and MBCD treatment induces the delocalization of EGF receptor itself (42) . In contrast, our study clearly demonstrates the absolute requirement of PIP 2 localization to DRMs for efficient IP3 production following FCERI aggregation.
In summary, our findings indicate that the primary role for DRM in signaling through mast cell FceRI may be to colocalize signaling proteins and lipids for an efficient Ca 2+ response rather than to serve as a site of initial tyrosine phosphorylatdon of receptors. Future studies will be directed toward the molecular mechanisms for the aggregationdependent association of FceRI with DRMs. A recent study suggested that the transmembrane domains of FceRI play the major role in this aggregation-induced association (17).
In addition, further investigations will be required to answer the important question about the regulation of FceRI-associated Lyn activity, probably by CD45 and Csk, within DRMs.
